Oral doses of 0, 1, 4, 5, 10, or 20 ml of Prudhoe Bay crude oil/kg body weight/day were given to herring gull and Atlantic puffin nestlings for 5 to 7 consecutive days. Gulls defecated substantial amounts of oil within 10 to 15 minutes after receiving a dose. Clinical signs and lesions occurred only in birds given 2 10 ml oiVkg body weight/day. Gulls consumed less food and lost weight. Two categories of lesions were observed: those considered secondary to a primary toxic hemolytic disease, and those considered nonspecific reactions to stress. The former included phagocytosis of degenerate erythrocytes in the liver and spleen, hemoglobin resorption droplets in renal proximal tubule cells, and erythroid hyperplasia in the bone marrow; the latter included lymphocyte depletion in primary lymphoid tissues, an increase in heterophil : lymphocyte ratio in peripheral blood, lipid depletion and necrosis in adrenal steroidogenic cells, and an increased prevalence and severity of lesions in the bursa of Fabricius. These findings indicated that the primary target of oil toxicity was the peripheral red blood cell, but that significant stress-related lesions were also associated with ingestion of oil.
Contamination and death of large numbers of marine birds is a consequence of marine oil spills. 48 Ingestion of oil occurs when birds preen their oiled plumage and when contaminated food is eaten.15,45 These studies investigated toxic effects ofcrude oil in some marine bird species. Clinical, gross, and histological findings as well as peripheral leukocyte changes associated with experimental oral intoxication with crude oil are reported. Red blood cell data are described e l~e w h e r e .~~.~~
Materials and Methods
Nestling herring gulls (Larus argentatus) and Atlantic puffins (Fratercula arctica) were collected and maintained in captivity as described p r e v i o u~l y .~~.~* Gulls were approximately 3 weeks old when collected (470 g mean body weight). Puffin nestlings were probably less than 7.5 weeks old (the reported approximate mean age at fledging) 35 and ranged from 123 to 256 g in weight when collected. Each was maintained in a separate artificial burrow.
All birds were weighed daily. Food was removed from gull pens each evening just prior to darkness, and birds were weighed prior to feeding each morning. Food consumption by gulls was assessed for each pen by weighing the food provided and that remaining upon removal. In order to minimize disturbance, food was not removed each evening from puffin burrows. Puffins were weighed each morning prior to feeding.
One sample of Prudhoe Bay crude oil was used in all experiments. Chemical analysis of this oil and its use in previous toxicity studies have been reported. 11,24.36 The oil was re-analyzed at the National Wildlife Research Centre, Canadian Wildlife Service, Ottawa, in 1982 and had no alterations in hydrocarbon composition from previous analyses.
Oil was measured into 0 or 00 gelatin capsules, and the capsules were placed in each bird's proventriculus with an esophageal tube. Gulls received oil in two divided daily doses given at approximately 900 and 1600 hours. Puffins received oil as a single daily dose at approximately 900 hours. All birds were dosed prior to feeding and were fed immediately afterward.
Four gull experiments were begun after all newly captured birds had acclimatized and had begun to gain weight (3 to 5 days) (Table 1 ). Puffins were maintained for 10 days to assess captive management before the experiment was begun. In all experiments birds were assigned to groups on the basis of body weight, and groups were closely matched according to both means and ranges of body weight. Experiment 1 consisted of three groups of seven birds each. On the morning of day 1, 0.5 ml of blood was taken from the brachial vein, and the birds were started on daily doses of 0, 10, or 20 ml oil/kg body weight/day. Control birds (0 ml) received empty gelatin capsules. Doses were adjusted each day as birds gained or lost weight. Prior to dosing on the morning of day 5 , 3 ml of blood was taken from the brachial vein of each bird. Daily dosing was continued. Birds were killed by decapitation, and necropsy was done on day 6 for the 20 ml group, on day 7 for the 10 ml group, and on day 8 for controls.
In experiment 2, groups of 12 birds received either 0 ml, 1 ml, or 4 ml oil/kg body weight/day. Dosing and blood sampling schedules were the same as in experiment 1. The 4 ml group was killed on day 7, and the others were killed on day 8 of continuous daily dosing.
Experiment 3 was designed to assess the timing of hematological changes that were observed in experiment 1. Two weight-matched groups of 20 gulls were divided into two weight-matched subgroups of ten gulls. Groups received 0 ml or 10 ml oil/kg body weight/day on the same schedule as in experiments 1 and 2. Blood samples (1.5 to 3.0 ml) were taken daily from alternate subgroups of each treatment group beginning 10 hours after birds received their first dose of oil. One subgroup of each treatment group was killed after 6.5 or 7.5 days of continuous daily dosing. In all gull experiments, the last dose of oil was given approximately 18 hours before birds were killed.
In experiment 4, groups of seven puffins each were given 0 ml, 5 ml, or 10 ml oil/kg body weight/day. Blood samples were not taken on day 1. On the morning of day 3, 200 11 blood samples were taken from each bird for microhematocrit determination. This was repeated on day 5. Anemia was detected on day 5, and all birds were killed by decapitation and examined. Puffins received a final dose of oil approximately 5 hours before they were killed.
Methods used to assess erythrocyte parameters were described p r e v i o~s l y .~~ Leukocytes were evaluated in smears of anticoagulant-free blood stained with Wright's-Giemsa stain.
At necropsy, all major organ systems except the central nervous system were inspected grossly, and samples or whole organs were fixed in 10% neutral-buffered formalin. The right nasal salt gland, both adrenal glands, the liver without gall bladder, and the spleen were weighed prior to fixation. The bursa of Fabricius was fixed, dissected free of fat and cloaca1 remnants, blotted once, and weighed. Because of significant differences in changes in body weight between controls and oil-dosed birds during the experiments, all relative weights of organs were expressed as g or mg of tissuelkg body weight measured on day 1 of each experiment.
Perfusion fixation with Karnovsky's fixative diluted 1 : 1 with distilled water was performed on six birds in experiment 3.22 After perfusion, tissue samples for routine histology were placed in buffered formalin, and samples for electron microscopy were cut into l mm cubes and placed in full-strength Karnovsky's fixative.
For histological study, samples were embedded in paraffin, cut at 4 to 5 Fm, and stained with hematoxylin and eosin (HE). Selected tissue sections were also stained using Perk' Prussian blue, periodic acid-Schiff (PAS), von Kossa's, Hall's, Grocott's methenamine silver," and phosphotungstic acid hematoxylin (PTAH).5 Hemoglobin in tissue sections was identified by a modification of Ralph's m e t h~d . '~,~~ Liver, spleen, kidney, adrenal glands, nasal salt gland, esophagus, proventriculus, ventriculus, duodenum, mid-intestine at Meckel's diverticulum, colon, pancreas, bursa of Fabricius, thymus, thyroid, lung, bone marrow of the proximal femur, and heart were examined. A subsample of brains from experiment 1 was examined after decalcification of the skulls in formic acid.
For electron microscopy, fixed blocks of liver and adrenal gland were rinsed in phosphate buffer, post-fixed in osmium tetroxide and uranyl acetate, dehydrated through graded ethanols and propylene oxide, and embedded in epon or eponaraldite resin^.^^^^ Sections were stained with uranyl acetate and lead citrate.
Statistical analyses were done using the Minitab Statistical Computing System. 41 All T-test comparisons were made using an unpaired procedure that did not assume equal population variances. 
Results
Gulls usually fed eagerly immediately after receiving oil. Oil-dosed gulls commonly defecated oil within 10 minutes after receiving an oral dose. The amount defecated was not quantified, but was substantial. Capsules were sometimes regurgitated, but usually were emptied of oil. Oil-stained fish was often regurgitated soon after feeding, however a large portion was reingested later. It was not determined whether puffins regurgitated or defecated oil. Gulls that received L 10 m l oil/kg body weightlday (high dose level) were lethargic on and after day 4. Pallor and brownish discoloration of the oral mucosa were evident on day 5 . On the afternoon of day 5, two birds in the 20 ml group (experiment 1) were moribund and recumbent and were killed and examined at that time. A puffin that had lost weight daily for 12 days and was assigned to the 10 ml group died on day 2. No cause of death was determined, and data from this bird were discarded. Other puffins in the 10 ml group were weak on day 4; one bird died during the night and was examined post mortem on the morning of day 5.
Gulls that received 1 4 ml oil/kg body weight/day gained weight throughout the experiments while high dose gulls gained at a slower rate initially and then lost weight (Figs. 1-4). Data from experiment 3 were similar to that in Figs. 1 and 2. There were no significant changes or trends in mean body weights among groups of puffins during the course of experiment 4.
A severe Heinz body hemolytic anemia was present on the morning of day 5 in all high dose birds.27 Total leukocyte counts on day 5, experiment 1 (Table 2) , showed a graded increase in the percent of heterophils and a decrease in the percent of lymphocytes in anemic birds. Analysis of variance in a regression of heterophil: lymphocyte ratio on dose showed a highly significant dependence on dose (Y = 0.62, P < 0.0 1). Leukocytes from oil-dosed birds and controls did not differ in morphology.
Gulls that received high doses of oil had greatly reduced subcutaneous fat masses relative to controls. This change was not evident in puffins. In both species, high-dose birds had moderate to extreme dark brown discoloration of liver, spleen, kidney, skeletal muscle, and blood. Both the thymus and the bursa of Fabricius were small in high-dose gulls (Table 3) . Bursa weight was reduced by 50% and 36% in gulls given 10 ml/kg body weight/day in experiments 1 and 3 respectively. Relative spleen weights were highly variable within groups, showed no trends, and were not tabulated. In puffins there were no differences in relative bursa weights, but salt gland, adrenal glands, and liver all increased in relative weight in oil-dosed birds.
Multiple pulmonary granulomas or air sac plaques were present in one or more birds in each experiment.
A few miliary foci were present in lungs of 16 of 21 (76%) birds in experiment 1. More numerous foci up to 1 cm in diameter occurred in 32 of 36 (89%) birds in experiment 2. Three birds in experiment 3 (8%) had widely scattered miliary lesions and one puffin had a single small focal lesion. Controls and experimental birds were affected equally in experiments 1 through 3, and the lesions were severe in only two birds, both controls in experiment 2. There were no gross lesions in the gastrointestinal tracts of oil-dosed birds. Oil was not evident in the stomachs or intestinal tracts of oil-dosed gulls with the exception of two moribund gulls killed 6 to 7 hours after they had received oil (experiment 1). In puffins, mild oil-staining of ventricular cuticle and small glob- ules of oil in the intestine were commonly seen. There was no evidence of esophageal or proventricular trauma from intubation. Histological lesions were present in the liver, spleen, bone marrow, kidney, bursa of Fabricius, thymus, and adrenal glands. Except where specifically stated otherwise, all described lesions occurred in both gulls and puffins and only in birds that received high doses of oil. Where prevalance data are given, the denominators reflect the number of birds from which the relevant tissue was available for study. This number varied slightly among tissues from the same experiment due to sampling or processing errors.
The predominant hepatic lesion consisted of greatly enlarged Kupffer cells which were filled with goldenbrown pigment and degenerated erythrocytes (Fig. 5 ). Kupffer cells in puffins had relatively more identifiable erythrocytes and fewer masses of pigment in their cytoplasm compared to gulls. Kupffer cells in the livers of control and low-dose birds were inconspicuous and contained no pigment. The pigment gave a partial positive reaction with Prussian blue stain, indicating some hemosiderin. Much of the pigment remained unstained with this procedure and with PAS and Hall's methods. Ultrastructurally, the enlarged Kupffer cells contained masses of phagocytosed material including erythrocytes (Fig. 6 ). The two birds in experiment 1 that were moribund when killed had multiple foci of acute centrilobular hepatocyte necrosis. Necrosis of individual hepatocytes and a p o p t~s i s~~ were common in the livers of high-dose gulls. Splenic red pulp was enlarged in high-dose birds and contained numerous pigment-filled phagocytes. Erythrophagocytosis was prominent, and the pigment stained identically with that in Kupffer cells. In spleens from high-dose puffins, reticular cells that formed the peri-arteriolar sheaths of splenic ellipsoids contained numerous, large cytoplasmic hyaline droplets. These reacted positively for hemoglobin. Hyaline droplets were rare or absent in spleens from other puffins and all gulls.
Bone marrows of high-dose gulls were hypercellular ( Fig. 7) and contained mostly erythroid series cells.3o Marrows from control birds varied in cell density. All had approximately equal areas of erythropoiesis and granulopoiesis. Bone marrows from puffins were all densely cellular, and there was no difference between t Weights expressedunit body weight using body weight measured immediately before start of each experiment. Data given as means * oil-dosed birds and controls. Large phagocytes filled with golden-brown pigment or with erythrocytes were numerous in the marrows of high-dose puffins and were occasionally seen in high-dose gulls.
There were no renal lesions that distinguished highdose gulls from low-dose or control gulls. Five of six high-dose puffins had prominent hyaline droplets in the cytoplasm of the renal proximal tubule cells (Fig.  8 ). This lesion was diffuse, but varied in intensity within each section. Many cells had large numbers of droplets and were greatly swollen. Granular and hyaline casts were present in tubules and collecting ducts. Both hyaline droplets and hyaline casts reacted positively for hemoglobin.
Two lesions occurred with high prevalence in the adrenal glands of high-dose gulls but were also present in some controls. Acute to subacute focal or regionally multifocal necrosis was present, usually at one pole of one gland, in 15 of 3 1 (48%) high-dose gulls and in six of 64 (9%) low dose and control gulls (P < 0.005, x2 analysis). In all but central hemorrhagic zones, catecholamine-secreting cells appeared unaffected. There was no evidence of thrombosis in necrotic or peripheral areas (HE and PTAH). Adrenal necrosis was not observed in puffins.
Fifteen of 31 (49%) high-dose gulls had depleted adrenal lipid while this was true of only three of 27
(1 1%) controls (P < 0.005, x2 analysis). Lipid deple-tion was present in three of six (50%) high-dose puffins and in none of 12 low-dose and control birds ( Fig. 9 ). Cytoplasm largely filled with small clear vacuolar structures was interpreted as indicative of a high level of lipid. The identity of the vacuolar structures as lipid droplets was confirmed by electron microscopy of perfusion-fixed tissue. Amphophilic, homogeneous or finely fibrillar cytoplasm without vacuolar structures was interpreted as indicative of loss of lipid. Some birds had areas of replete and depleted cells in the same gland. In many cases the contrast between replete and depleted glands was marked, and only these cases were quantified.
Bursa1 lymphocyte depletion occurred in 19 of 26 (73%) high-dose gulls and in only one of 62 (29' 0) lowdose and control birds (P < 0.005, x2 analysis). Depletion of thymic lymphocytes was present in 20 of 29 (69%) high-dose gulls and in two of 60 (3%) low-dose and control birds (P < 0.005, x2 analysis). In both organs, the cortices were thin or absent, and the density of lymphoid cells was greatly reduced in bursa1 medullas. There were no lesions in the bursae or thymuses of puffins.
Distinctive alterations in medullary stromal cells that were typical of infection of the bursa of Fabricius with an adenovirus-like agent25 were seen in experiment 3 in 14 of 17 (82%) oil-dosed birds and in seven of 20 (35%) controls (P I 0.01, x2 analysis). Lesions in bursae of affected oil-dosed birds were severe while those in affected controls were minimal.
The pulmonary granulomas noted grossly consisted of well-circumscribed foci of necrotic cellular debris surrounded by zones of mononuclear cells and multinucleated giant cells. Dichotomously branching, septate fungal hyphae were present within the lesions. These and fruiting bodies present in one section suggested Aspergillus sp. as the causative agent.4 The lesions were not cultured. No fungal hyphae were demonstrated in the pulmonary granuloma from the single affected puffin.
Discussion
Birds that ingested P 10 ml of Prudhoe Bay crude oil/kg body weight/day developed lesions in many tissues. These data support the previous finding that peripheral red blood cells were the primary target of oil toxicity, but also demonstrate that potentially significant stress-related lesions were associated with ingestion of this crude oil.
Significant changes in relative weights of salt glands, adrenal glands, and livers are noted in Table 3 but are difficult to interpret. Other studies of oil ingestion by marine birds consistently reported increased relative weights of salt glands and adrenal glands.33s36s37 Single oral doses of i 1 ml were used in these studies. Many lesions in these birds were interpreted as sequelae to a primary toxic hemolytic disease. These included erythrophagocytosis and accumulation of pigment in phagocytic cells suggestive of extravascular hemolysis, hemoglobin in proximal renal tubule cells and tubular casts of puffins indicative of intravascular hemolysis and hemoglobinemia21 and hemoglobin in splenic sheath cells that may have derived from hemoglobinemia or from erythrophagocytosis. Lesions of hemoglobinemia in puffins, but not in gulls, may indicate a species difference in susceptibility of erythrocytes to toxic oxidant damage or simply may reflect differences in the timing of necropsy relative to hemolysis. Gulls were killed 24 to 48 hours later than puffins in an otherwise similar experimental protocol.
In studies of experimentally induced hemoglobinemia in rats, renal hemoglobin absorption droplets (hyaline droplets) disappeared 16 to 24 hours after intravenous injection with hemoglobin.I2 The predominance of phagocytosed erythrocytes in puffin Kupffer cells com-pared to the masses of pigment that were predominant in gulls supports the view that puffins were killed during a peracute phase of hemolytic disease while gulls were killed in an acute to subacute phase. The marked erythropoiesis noted in bone marrows of affected gulls correlated with the striking reticulocyte response in peripheral blood reported p r e v i~u s l y .~~ Adrenal glucocorticoid hormones are considered important mediators of stress-related lesion^.^^,^^ Lipid depletion occurs in adrenal steroidogenic cells responding to adrenocorticotropic hormone (ACTH) stimulation and should be considered an index of this physiological state rather than a degenerative change.* A rise in plasma corticosterone that was maximal 4 days after herring gull nestlings received a single oral dose of 1 ml Prudhoe Bay crude oil was Plasma corticosterone levels were not measured in the present study, but experimental findings were consistent with increased glucocorticoid secretion. An increase in heterophil : lymphocyte ratio was reported in chickens that were stressed or were dosed with corticosterone or ACTH.9J0J4 Depletion of lymphocytes in lymphoid tissues is a well-described effect of glucocorticoids.6 Lymphocyte depletion in the cloaca1 bursa has been described in various conditions and may be a general reaction to stress rather than to a specific etiologic agent.[) The pathogenesis of the adrenal gland necrosis present in gulls was not apparent. The larger necrotic foci resembled infarcts, but no vascular occlusion was seen. The primary lesion appeared to be restricted to steroidogenic cells; it only affected other cells when extensive necrosis resulted in architectural disruption and hemorrhage. Adrenal cortical necrosis has been described in association with acute bacterial disease in several mammalian specie^.'^,^^ Although the lesion has been considered an infarct and resulting from endotoxin-induced disseminated intravascular coagulation, it was not established with certainty that microvascular thrombosis either preceded or always accompanied adrenal cortical necrosis. ACTH stimulation was reported to act as a significant predisposing factor in one
The relationship of adrenal necrosis in the experimental gulls to the mammalian syndrome remains uncertain. Necrosis of steroidogenic cells of the adrenal may represent the exhaustion phase of a general adaptation syndrome in response to stressful stimuli.42
The focal adrenal necrosis seen here probably would not have compromised adrenal function significantly. Lymphocyte depletion in primary lymphoid tissues, however, might have had grave consequences as reported in domestic chickens after infectious bursal disease. 18 The higher prevalence and greater severity of virus-associated bursal lesions in oil-dosed gulls of experiment 3 may have been an expression of a relative immunodeficiency. A similarly increased susceptibility to a lethal bacterial disease was described in ducks ingesting a bunker C The absence of adrenal necrosis or lymphocyte depletion in puffins may reflect a species difference or a difference in handling and housing procedures in which puffins were exposed to relatively few stressors besides ingestion of oil and its specific toxic manifestations. Because of anticipated difficulties in maintaining puffin nestlings in captivity, these birds were disturbed as little as possible and maintained in an environment that approximated their natural setting. Ingested crude oil in ducks interacted additively or synergistically with other environmental stressors such as cold and saline drinking water. 17,20
Several previous reports described gross and histological lesions in birds that were either dosed with oil in experiments or were contaminated with oil in the ~i 1 d .~J~,~~,~~~~ The oils involved were different in each case and chemical analyses of the oils were seldom presented. Detergents, organic phosphates, and other additives in some of the oils further complicate comparison among studies. Emaciation, enteritis with and without necrosis and hemorrhage, pulmonary congestion, and renal urate retention were found in alcids (auks) contaminated in the wild with a Kuwait crude
The birds were contaminated 1 to 14 days prior to capture and died after 1 to 4 days in a rehabilitation center. Diagnoses reported were apparently based on gross findings. Toxic oil-dispersant chemicals were used in clean-up operations of the oil spill from which the birds were derived, but no reference was made to possible exposure of the examined birds to these chemic a l~.~~ Lesions in a sample of waterbirds of several species that died within 2 weeks after contamination with a bunker C oil included presence of oil in the digestive tract, acute enteritis, pulmonary congestion and edema, hepatic lipidosis, bile pigment and hemosiderin in hepatocytes and Kupffer cells, renal tubulonephrosis with hyaline droplets and tubular casts, splenic lymphocyte depletion, and adrenal gland necrosis. No hematological studies were done. Lesions in liver and kidney were similar to those noted in our study but were not, by themselves, diagnostic of hemolytic disease. The authors cautioned that environmental stressors, debilitation, and infectious diseases greatly com- plicated interpretation of the necropsy data. Bunker C oils vary greatly in chemical make-up but, in general, approach weathered crude oils in overall composit i~n .~.~
The amount of oil ingested by marine birds that contact oil in the wild is not known. An average of 10 g oil/kg body weight was found on lightly to moderately oiled ducks.I6 Heavily oiled ducks had 60 to 124 g of oil on their plumage. In a pilot study with three ducks, it was estimated that 50% of the external oil burden could be ingested over an 8 day period by preening. Most of this oil was ingested in the first 4 days. In the experiments reported here, oil was given in large boluses. Significant amounts were rapidly defecated and regurgitated by gulls and some regurgitated oil was reingested, often by different birds. The amount of oil that had significant contact with absorptive gastroin-testinal surfaces was probably considerably less than that initially given, but the size of this effectively ingested dose was not determined. Whether birds oiled in the wild react with similar regurgitation and rapid defecation to oil ingested while preening or, rather, maintain a slower gastrointestinal transit time for preened oil is not known. Some published observations suggest the latter. 45 No data are available that permit an accurate assessment of the likelihood that oil-contaminated wild birds would ingest doses of oil equivalent to those found to be toxic in these experiments. The data have defined primary and secondary lesions referable to the ingestion of one crude oil. Investigations of lesions in suitable specimens of birds oiled in the wild may prove to be the most fruitful approach toward assessing the contribution of the pathological events noted in these studies to oil-related morbidity and mortality in wild populations.
